BACKGROUND Mechanisms of peri-operative ischaemic optic neuropathy remain poorly understood. Both specific pre-operative and intra-operative factors have been examined by retrospective studies, but no animal model currently exists.
Introduction
The cause of peri-operative ischemic optic neuropathy (ION) remains elusive. It is most frequent in spine fusion or cardiac surgery, 1 and presents as anterior ION (AION) or posterior ION (PION). Many case reports described hypotension and anaemia/haemodilution, although relative fluid excess, head-down positioning, lengthy surgery and vasopressors, among others, have been suggested as intra-operative risk factors. In a retrospective case-control study of 83 ION cases, the risk in spinal fusion was increased by male sex, positioning on a Wilson frame, lengthy surgery, large blood loss, obesity and decreased colloid to crystalloid ratio for fluid resuscitation. 2 In a retrospective case-control study of more than 2.5 million operations in the US National Inpatient Sample, These studies assessed association but not causation. The tendency of the Wilson frame to keep the head lower than the body, combined with decreased colloid/crystalloid fluid ratio, suggest that orbital or optic nerve oedema may be involved; however, these hypotheses have to date, not been possible to study in humans. 2 Prospective clinical studies are limited by confounding factors and ethical problems in manipulating suspected risk factors. Accordingly, mimicking ION in a rodent under conditions resembling those developing peri-operatively is a novel means to examine peri-operative ION. In pigs, decreasing haematocrit by 37%, along with significant hypotension, and occluding the jugular venous drainage, significantly decreased optic nerve blood flow. However, visual neurophysiology, and anatomical or biochemical/ molecular changes in the optic nerve were not examined, and the porcine eye circulation differs from human. 4 Although rodents differ from primates in having minimal lamina cribrosa in the optic nerve, 5 their optic nerve structure and circulation otherwise resemble humans. 6 In this study, we examined the impact of haemodilution, procedure duration and head-down positioning. We tested the hypothesis that prolonged head down with and without haemodilution damages the optic nerve.
Methods
Detailed Methodology is available in the data supplement, http://links.lww.com/EJA/A157.
Animals
Procedures conformed to the Association for Research in Vision and Ophthalmology Resolution on the Use of Animals in Research and were approved by the Animal Care Committee of the University of Chicago. Animal Care Protocol number 70935, initial approval date 6/1/09, study start date 8/10/09 and chairman of the committee Catherine Reardon-Alulis, Ph.D. Male Sprague-Dawley rats (mean weight 220 g, range 200 to 250 g, mean 7 weeks of age, from Taconic, Hudson, New York, USA; with an indwelling jugular vein cannula, surgical model #JVC-R), were housed at ambient light less than 325 lx, and automated light cycling 12 h on/12 h off to prevent light damage. Ketamine (35 mg kg À1 ) and xylazine (5 mg kg À1 ) 1) were injected via an intraperitoneal catheter about every 20 min. This anaesthetic regimen was used as it was well tolerated and efficacious in our previous experiments and was deemed the best compromise between efficacy and safety and potential impact upon optic nerve and retinal ganglion survival. 7 To simulate head down positioning, rats were secured on their dorsal side on a covered wooden platform and inclined at 708 head down. The rationale is that there is no prone position (as in spine surgery) for rodents, but profound head down tilt increases intra-ocular and intracranial pressure and alters MRI-based parameters of cerebrospinal fluid dynamics in the optic nerve sheath. [8] [9] [10] [11] Groups were 5 h supine (SUP), 5 h tilted head-down only (TILT), 5 h tilted head-down with haemodilution (TILT-HD) and 5 h SUP with haemodilution (SUP-HD). For isovolumic haemodilution, 2-ml blood was withdrawn from the venous catheter every 30 min over a 90-min period; during this time the animals remained positioned according to group assignment. Blood was replaced with 6% Hetastarch (Hospira, Lake Forest, Illinois, USA) 12 following each 2-ml blood withdrawal, until target haematocrit (approximately 40% reduction) was achieved.
Temperature was maintained at 36 to 37 8C with a heating blanket (Harvard Apparatus, Natick, Massachusetts, USA). O 2 saturation was measured with a pulse oximeter (Ohmeda, Louisville, Colorado, USA) on the tail, as was noninvasive blood pressure (BP) (IITC Life Science, Woodland Hills, California, USA). Supplemental O 2 , when necessary to maintain saturation more than 94%, was administered by a plastic cannula in front of the nares and mouth.
Visual neurophysiology
Following dark adaptation, rats were injected intraperitoneally with ketamine (35 mg kg À1 ) and xylazine (5 mg kg À1 ) about every 20 min. 13 After corneal analgesia with 0.5% proparacaine, pupils were dilated with 0.5% tropicamide and cyclomydril (Alcon, Fort Worth, Texas, USA). To assess functional outcomes, visual function was evaluated at baseline (prior to experiments), 14 and 28 days after experiments, using a UTAS-E4000 system and a Ganzfeld stimulator (LKC Technologies, Gaithersburg, Maryland, USA).
We measured the electroretinogram (ERG) a-wave, bwave, oscillatory potentials and P2 (Supplemental Fig 1, http://links.lww.com/EJA/A157), the scotopic threshold response (STR) and visual evoked potentials (VEP). The ERG measures the response to bright light flashes, yielding the downward (negative) direction a-wave, generated by electrical activity of retinal rod cells. 14 The upward (positive) b-wave is generated by depolarising retinal bipolar cell and Mü ller glial cell currents. 15 Damage to the inner retina is represented by decreased amplitude of the b, and other waveforms (refer to Supplemental Fig 1, http://links.lww.com/EJA/A157), whereas damage to the outer retina, by changes in the a-wave. 16 The STR, consisting of negative (nSTR), and positive (pSTR), is elicited by ultra-dim light stimuli and specifically reflects retinal ganglion cell (RGC) function in rodents (Supplemental Copyright © European Society of Anaesthesiology. Unauthorized reproduction of this article is prohibited.
Fundus photography
To evaluate the optic nerve noninvasively, we imaged the rat eye fundus. Photographs were assessed by a neuro-ophthalmologist (NJN) blinded to the groups.
Intra-ocular pressure measurement
To examine the impact of positioning and haemodilution on intra-ocular pressure, intra-ocular pressure (IOP) was measured with a Tono-Pen XL (Mentor, Norwell, Massachusetts, USA) on the topically anaesthetised cornea to achieve four consecutive values with variation less than 0.5%. At least two such readings were obtained and results were averaged. 18 Immunostaining Eyes and optic nerves from euthanised rats at 28 days were evaluated using immunohistochemistry. To stain optic nerve axons, cholera toxin subunit B (Alexa Fluor 594 conjugate; Invitrogen-Life Technologies, Grand Island, New York, USA) had been intravitreally injected (2 ml, 10 mg ml À1 ) 48 h before euthanasia. 19 Primary antibody (1 : 50) for glial acidic fibrillary protein (GFAP) (Sigma, St. Louis, Missouri, USA, mouse monoclonal) was used to stain glial cells. Standardisation, validation and quantitation of immunostained images have been described by us previously. 13 Data handling and statistical analysis Amplitude, time course and intensity (log cd s m
À2
) of ERG a-wave, b-wave, oscillatory potentials, P2-wave and STR were analysed in Matlab 2011a (MathWorks, Natick, Massachusetts, USA). 20 For STR, the response to three flash intensities generated a stimulus-intensity plot, 21 with amplitude on the y-axis, and flash intensity on the x-axis. pSTR was calculated as maximum positive amplitude, whereas nSTR was calculated as maximum negative amplitude (Supplemental Fig 1, http://links.lww.com/EJA/ A157). 22 Results of three flash intensities were compared at baseline vs. 14 and 28 days in each rat; in the ''Results'' section, only the response to the highest intensity flashes are shown. The Data Supplement contains the complete data set, http://links.lww.com/EJA/A157. Animal numbers were estimated by power analysis based upon previous experiments, with visual function considered the primary outcome. 21, 23 Assuming 20% difference between means, SD of one group 5 to 15%, and the other 20% of mean, it would require 9 to 13 animals (b 0.8, a 0.05).
We used Stata v10.0; StataCorp, College Station, Texas, USA. Analysis of variance was followed by paired t tests comparing between animals in the same group studied over time (e.g. electroretinography, BP, haematocrit and IOP), and an unpaired t test to compare results between matched groups (e.g. immunostaining). Bonferroni correction was applied for multiple comparisons. Data are expressed as mean AE SD, and in the tables, include 95% confidence intervals.
Results

Electroretinography
Baseline values differed between the groups, but Table 1 shows that amplitudes were significantly different over 842 Roth et al. .
Comparison is between baseline (prior to experiments), and 14, and 28 days later within each of the groups. Results are meanAE SD and 95% confidence interval. At 28 days, there was a significant decrease in the amplitude of the a-wave in TILT-HD (P ¼ 0.006), whereas amplitude of the a-wave increased in the TILT (P ¼ 0.017). OP significantly decreased at 28 days in SUP-HD (P ¼ 0.001). P2 and the b-wave significantly increased (P ¼ 0.004 and 0.021, respectively) in TILT. Recordings were at baseline prior to experiments, and 14 and 28 days after. Recording technique is in the ''Methods'' section. Due to technical problems, there are no recordings at 14 days in SUP-HD. time after experiments within groups. Specifically, at 28 days, there was a significant decrease in a-wave amplitude in TILT-HD, and an increase in TILT. Oscillatory potentials significantly decreased at 28 days in SUP-HD. P2 and the b-wave significantly increased in TILT.
Scotopic threshold response responses
In TILT-HD, the nSTR amplitude significantly decreased (Table 2 ) at 14 and 28 days. In SUP-HD, there was a significant difference in nSTR at 28 days. In all groups except TILT-HD, the pSTR increased at 28 days (Table 2 ). More extensive data on the STRs may be viewed in the Supplemental Data file, http://links.lww. com/EJA/A157.
Visual evoked potentials
There were significant changes only in N2-P3 amplitude, which decreased in TILT-HD vs. SUP (P ¼ 0.01, Fig. 1 ). Changes were present also in the implicit times (time from flash to peaks, Table 3 ) in several VEP components.
Immunostaining and histology
In optic nerve longitudinal sections, GFAP, an astrocytic activation marker (Supplemental Fig 2, http://links.lww. com/EJA/A157), 24 in comparison with SUP (1161 þ/ À 398 U), was decreased in SUP-HD (886 þ/À 318 U, P < 0.017), increased in TILT (1565 þ/À 512 U, P < 0.004) and increased in TILT-HD (1684 þ/ À 689 U, P < 0.01). No terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick end labeling (TUNEL), reflecting apoptosis, was in the retinas at 1, 14 or 28 days. H&E-stained 4-mm paraffin-embedded cross sections of retina at 28 days showed no thinning, or cell loss as would be expected in retinal ischaemia. 25 Systemic blood pressure, haematocrit and tonometry during experiments At the end of experiments, haematocrit significantly decreased by about 40% in TILT-HD and SUP-HD, restored to baseline by the 28th day ( Table 4 ). The mean arterial BP significantly decreased in SUP-HD vs. SUP at end measurements, and in SUP-HD, TILT and TILT-HD at midpoint measurements. As anticipated, IOP was increased during experiments in the two head-down tilted groups, TILT-HD and TILT.
Rodent optic nerve injury, head down tilt and haemodilution 843 Visual evoked potentials: amplitudes. Visual evoked potentials amplitudes for supine (n ¼ 11), supine with haemodilution (n ¼ 5), tilted head down only (n ¼ 6), tilted head-down with haemodilution (n ¼ 7). Amplitudes of N2-P3 significantly decreased in tilted head-down with haemodilution compared with supine (P ¼ 0.01). Supine; tilted head down only; tilted head-down with haemodilution; supine with haemodilution. The y-axis is amplitude in mV. The visual evoked potentials was recorded 28 days after experiments. Recording technique is detailed in the ''Methods'' section. Results are shown as mean AE SD and 95% confidence interval. The VEP (visual evoked potential) was recorded 28 days after experiments. Recording technique is detailed in the ''Methods'' section. Results are shown as mean AE SD and 95% confidence interval. Implicit times (time from flash delivery to the recorded peaks) were significantly lengthened vs. SUP as follows: P2, N2 and P3 in SUP-HD (P ¼ 0.004, 0.001 and 0.002, respectively); P2 in TILT-HD (P ¼ 0.003) and P3 in TILT (P < 0.009). SUP, supine; SUP-HD, supine and haemodiluted; TILT, tilted head-down only; TILT-HD, tilted head down and haemodiluted.
Fundus photography
In general, at baseline, rat fundi had very red and hyperaemic optic discs with surrounding red edges (i.e. normally appearing mildly swollen), and the retina surrounding the optic disc was relatively white with attenuated arteries (Fig. 2) . Fundi from both groups of haemodiluted animals appeared diffusely pale immediately after experiments. TILT-HD and, to a lesser degree, TILT showed increased optic nerve swelling beyond baseline and dilated veins at 28 days.
Discussion
We found decreased nSTR amplitudes, decreased amplitudes and latencies of VEP, optic nerve swelling and glial activation, showing that haemodilution and head down tilt injured the optic nerve. Given the lack of b-wave and P2 change, and no histological damage, or TUNEL, it seems reasonable to conclude there was no retinal injury.
No RGC loss or TUNEL in retina of TILT-HD and SUP-HD might also be explained by not allowing enough time for injury. However, although in human ION, it has been assumed that RGCs die over months, recently, with ocular coherence tomography, thinning of the retinal nerve fibre layer is observed within weeks of an acute event, suggesting that neuronal injury proceeds at a faster pace than previously realised. 26 In future studies, it may be advantageous to examine longer time periods beyond 28 days for a more complete picture. In this study, there was disc oedema in TILT-HD at 28 days. This could be reflective of damage to the optic nerve head, but could 844 Roth et al. Blood pressure (SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure), haematocrit and tonometry during experiments, mean AE SD and 95% confidence interval. The blood pressure was recorded at the start of experiments, at the midpoint and at the end of 5 h, using a noninvasive rat tail cuff. Haematocrit was measured at various intervals during the procedure, and IOP with a tonometer. n ¼ 12 for SUP; n ¼ 10 for TILT; n ¼ 7 for TILT-HD and n ¼ 6 for SUP-HD. SUP, supine; SUP-HD, supine with haemodilution; TILT, tilted head-down only; TILT-HD, tilted head-down with haemodilution. M P < 0.025 vs. initial. MM P < 0.017 vs. SUP. MMM P < 0.017 vs. baseline.
MMMM P < 0.0125 vs. SUP. MMMMM P < 0.0125 vs. initial. MMMMMM P < 0.017 vs. SUP.
also be extension of retro-bulbar oedema forward to become visible at the optic nerve head, combined with retro-bulbar optic nerve oedema compressing venous outflow via the central retinal vein. Our study methods do not enable defining this model as AION or PION.
Both components of the STR in rodents are believed to reflect function of the RGCs, with a significant contribution from amacrine cells attributed to the nSTR, whereas pSTR is thought to originate primarily from RGCs. 27 Elevated IOP in rodent glaucoma models decreased nSTR. 28 However, studies are conflicting on the magnitude as well as the direction of change in pSTRs in rodent models of optic nerve injury. [29] [30] [31] To our knowledge, there are no previous studies concerning STR, head down positioning and/or haemodilution. In Rodent optic nerve injury, head down tilt and haemodilution 845 Representative fundus images. Fundus photography was done before the experimental procedure (baseline), immediately after the experimental procedure (post-exp) and 28 days later. The rat fundi at baseline had very red and hyperaemic optic discs with surrounding red edges with the retina surrounding the optic disc being relatively white with attenuated arteries. The fundi from the supine with haemodilution and tilted head-down with haemodilution animals appeared diffusely pale immediately after experiments. The tilted head-down with haemodilution and the tilted head down only rats showed increased optic nerve swelling and dilated veins at 28 days. SUP, supine; SUP-HD, supine and haemodiluted; TILT, tilted head down only; TILT-HD, tilted head down and haemodiluted.
our study, TILT-HD was notably the only group in which nSTR decreased without increase in pSTR. We cannot determine the mechanism of increased pSTR in the three other groups. But decreased nSTR suggests functional injury to the RGCs due to retrograde injury originating in the optic nerve. Decreased amplitude and increased latency of VEP reflect optic nerve injury. This has been reported in other eye injury models including anterior ION, 32 optic neuritis 33 and glaucoma. 34 There are limitations. Although visual function referenced specifically to the optic nerve and its retinal connections were affected, as shown by STR and VEP, we cannot state definitively there was visual impairment. Techniques utilising animal behaviour to measure vision in rodents are limited, and mostly performed in the mouse. 35 In peri-operative ION, onset has typically been upon awakening, but also as late as 24 to 48 h, mostly in sedated patients. 36 We do not know the onset time of injury in this model. Conclusions should be applied cautiously to peri-operative ION in spine surgery as there is no rat prone position. Our results may not be applicable to peri-operative ION in another high-risk patient group, cardiac surgery, in which other systemic alterations including inflammation may be a component of the injury. 1 In pigs, 4 decreasing haematocrit to 15%, significant hypotension and occluding the jugular veins significantly decreased blood flow in the optic nerve, but damage to the nerve was not assessed. In our study, haematocrit was decreased about 40%, to approximately 25%, but we did not directly occlude the venous outflow. The influence of hypotension in this study should not be neglected and could have influenced the results, as MAP was below baseline at some point during experiments in all of the groups except for SUP, and was below baseline at the end of experiments only in TILT-HD.
We did not include surgical manipulation, specifically, surgery on the spine and anaesthesia was maintained with ketamine. Although the latter causes the overall procedure to differ from human spine surgery anaesthesia (in which a combination of intravenous and inhaled agents are typical), ketamine is known not to alter physiology significantly. The role of surgery itself (i.e. degree of invasiveness and stimulation etc) in the development of peri-operative ION has not been directly studied. It may be significant as surgically induced systemic inflammation exacerbated neuronal dysfunction in rodents with ischaemic injury. 37 In summary, our study described a new means of inducing optic nerve injury that resembles peri-operative ION. Haemodilution (SUP-HD) or head-down position (TILT) were associated with a few changes in nSTR or VEP but to a lesser extent than in the TILT-HD group. This suggests that mild injury to the optic nerve under conditions of haemodilution or head-down tilt may become significant when prolonged for more than 5 h. One human study found transient alteration in visual field in seven patients with head-down positioning for robotic surgery of the prostate, showing that our study in rats may be relevant to assess the effect of prolonged mild retinal damage. 38 Our study also raises concern that significant haemodilution, when maintained for lengthy periods, may not be tolerated by the optic nerve, which is also a novel finding.
It is important to interpret our results in the context that we studied healthy animals. The impact of pre-existing diseases such as diabetic retinopathy and other conditions such as glaucoma in which the optic nerve may be already compromised, as shown in recent retrospective studies, 39 remains to be studied. As there is currently no medical strategy for regenerating the optic nerve, 40 it is essential to develop reliable means to prevent peri-operative ION. This preparation may enable us to gain further insights into the mechanisms and preventive strategies for this peri-operative complication.
